Abstract-Different scheduling and coordination algorithms controlling household appliances' operations can potentially lead to energy consumption reduction and/or load balancing in conjunction with different electricity pricing methods used in smart grid programs. In order to easily implement different algorithms and evaluate their efficiency against other ideas, a flexible simulation framework is desirable in both research and business fields. However, such a platform is currently lacking or underdeveloped. As a result, this paper proposes a simulation framework to focus on demand side residential energy consumption coordination in response to different pricing methods. This simulation framework, equipped with an appliance consumption library using realistic values, aims to closely represent the average usage of different types of appliances. The simulation results from a prototype program built from the proposed framework yield closely matching values compared to surveyed real life consumption records. Several sample coordination algorithms, pricing schemes, and communication scenarios are also implemented to illustrate the use of the simulation framework.
INTRODUCTION
An emerging revolutionary change is happening in the power distribution industries around the globe, known as the smart grid development. The smart grid binds information network technologies into the traditional power distribution network to enhance its resiliency and to reduce its carbon footprint. While the smart grid concept is gradually becoming less of an unheard-of-phrase to more and more people due to governmental project roll out and various commercials and promotional activities all over the world, the core concept of the smart grid and its benefits are much less clear. This is especially true for general public customers according to [1] . It reveals that most consumers are on the sidelines with regard to the development of the technology. They are looking for more information on the technology, and they concern the most about the cost of the technology and the savings that smart grid will produce, not surprisingly.
To answer consumers' questions, many researchers and commercial companies start to investigate smart home concepts and smart appliance developments. The anticipated smart home is capable of automatically making decisions on energy consumption activities, and managing smart appliances to efficiently reduce energy consumption. Zpryme's report estimates that the market for smart appliances will grow from $3.06 billion to $15 billion by the year 2015 [2] . To capture a share of this pie, many enterprise solutions and new innovative solutions are being developed or have already been marketed over the past few years. For example, Cisco developed the first smart grid operating system, and marketed the Cisco Home Energy Controller [3] . This operating system features a small countertop dashboard acting as a portal to household appliances' consumption information, controls, pricing information, and others. Large technology companies such as Microsoft and Google both developed their own web-based energy consumption monitoring programs [4] [5] .
However, these home energy consumption monitoring systems do not meet consumers' requirements. Consumers want automated energy control and management to save money, instead of just being able to know the consumption information. After learning this lesson, both Microsoft and Google dropped their energy consumption monitoring programs [6] . Similarly, many researchers switched their focus to energy load balancing and appliances coordination algorithm developments instead. In [7] , the authors explored the benefits of integrating sensor network technology into the home area network to automatically adjust thermostat settings to reflect the occupancy status and thus to minimize the waste of energy. The authors of [8] employed intelligent agent theories for inhabitant action prediction algorithms. Their proposed smart home architecture is able to learn inhabitants' living patterns and automates the decision process using several prediction algorithms such as sequence matching, task-based Markov model, episode discovery, etc. The authors of [9] proposed an automatic energy consumption scheduling framework to balance the trade-offs between minimizing energy cost and minimizing the waiting time for appliance operations. The authors also realized the need for a price prediction capability in the presence of a time-varying pricing scheme, and thus implemented a simple algorithm. Some researchers take a step further and study the optimal appliance scheduling among neighborhoods. For example, [10] , [11] , and [12] approached the problem by employing game theory and the prisoner's dilemma to achieve the Nash equilibrium among different sets of goals. Other researchers focused on a specific type of appliance operation across households such as charging of electric vehicles. The authors of [13] provide a theoretical model of a master-slave type of coordination mechanism between a control station and individual electric vehicles. The control station listens to requests from electric vehicles to start their charging, and approves or rejects the requests based on the provisioned amount of energy available.
While all above research achieved improvements with respect to the individual interest of study, there is no simple way of comparing the results among different researchers. Different test results are measured in different units and with respect to different quantities and come in different shapes and forms. Although most reviewed works focused on energy reduction, they varied whether the reductions are measured in terms of total energy reduction, peak load reduction, energy cost reduction, peak-to-average ratio reduction, or others. Moreover, many researchers were only focusing on single household energy efficiency improvements. How their innovations behaved in the smart grid as a whole is not evaluated. Therefore, it is thus very desirable to have a standard simulation framework which would take care of common tasks to allow users to just focus on implementing the portion of their interest of study. The simulation results would be comparable to others and would also integrate with other elements of the smart grid.
Therefore, we propose and develop a flexible simulation framework to study the macro scale behaviors and impacts of smart grid enabled household appliances. This proposed simulation framework should be accurate enough to reflect the general or average behaviors of traditional patterns of energy consumption. It should be designed to be flexible to allow expansions for other purposes, such as a study of the integration of renewable energy sources. It should be scalable to enable both metro scale and precise individual household simulations. Finally, it also should allow us to model, at a high level, the impact of communication failures, as both the transmission of TOU pricing information as well as, potentially, coordination among appliances, will require the exchange of data over potentially lossy wireless networks.
The rest of this paper is organized as follow. Section II presents previous work on smart grid simulation frameworks. Then, Section III outlines the design and implementation of the proposed framework. Section IV shows the output of the simulation framework and how the results were validated, followed by simulation observations in Section V. Finally, Section VI concludes the paper.
II. PREVIOUS WORK
A few researchers started to explore a suitable simulation framework for smart grids. For example, [14] provided a conceptual compositional simulation framework to integrate existing heterogeneous simulation models. This framework is broken down into several layers. The syntactic level deals with the selection or composition of different simulation models; the semantic level deals with the interaction of different simulation models at the syntactic level, such as data transfer; the scenario level contains the list(s) of simulation events to run. At the top of the structure, unfortunately, the control level was not yet studied at the time this paper was published. While this proposed simulation framework is comprehensive, there is not yet much solid content developed. Overall, this proposed simulation framework is structurally promising, but at this point purely conceptual.
Several other research groups proposed their own simulation frameworks. For example, [15] proposed a framework which focuses on simulating the roles of service operation policy, network operation, market operation, and demand response. However, unfortunately again, the paper only provided a theoretical view of the approach. No implementation is presented in the paper. The authors of [16] emphasized achieving a common communication capability among different simulation and analysis tools, and specifically mention Matlab/Simulink and DIgSILENT/Power Factory. However, the proposed solution is very much centered on the simulation of battery technologies. [17] and [18] both focused on studying the communication effects in smart grid applications. They both concluded that the communication delays are insignificant to cause trouble or "less than the threshold" as stated in [18] .
Overall, the majority of existing simulation frameworks provide only conceptual views of the designs. Some proposed frameworks have comprehensive coverage in terms of aspects included in the design. However, the complex nature of these designs causes serious obstacles in realizing the proposed simulation frameworks. These proposed frameworks are largely devoid of actual realizations and thus not ready to use. A very broad simulation scope can also sometimes imply a lack of focus. Users of such a system may need to implement the complete simulator to meet their specific needs. On the other hand, some proposed frameworks are very specific to certain devices or appliances simulation. These frameworks are instead not very expandable.
In our work, we propose and implement a framework that focuses on demand side residential usage simulation, but leave it open ended with respect to the ability to integrate different components and aspects into the proposed framework. The developed simulation framework should be equipped with fundamental simulation essentials to carry out basic simulations. The design of the simulation framework should also be modular to facilitate future expansion.
III. DESIGN AND IMPLEMENTATION

A. High Level Design of the Framework
Before presenting the actual design of the simulation framework, it is crucial to define the scope of the simulated world. The proposed simulation framework focuses on the demand side, more specifically residential households' energy consumption. It excludes the simulation of apartment buildings and business estates or factories. However, it provides an expansion capability for those aspects to be integrated into the framework. For simplification and better comparability, the same type of household appliance consumes the same amount of energy in all households, regardless of the brand of the appliance or the size of the appliance. To randomize and thus resemble the reality, different households own different number of units of the same appliance. This can of course be changed if a more detailed model is desired. While most appliances are common to all households, such as lights and refrigerators, some appliances are only owned by a subset of the population, such as electric vehicles. The selection and rate of household ownership of these special appliances can be controlled. Furthermore, each and every appliance is categorized to be either a shiftable appliance or a non-shiftable appliance. Shiftable appliances can alter their operation time without sacrificing their functionality, while non-shiftable appliances have to be used when they are needed. For example, a light has to be switched on immediately when one needs to enter a dark room, and thus a light is a non-shiftable appliance. On the other hand, the dishwasher can delay its operation cycle as long as it finishes its job before the next use. Therefore, a dishwasher is considered as a shiftable appliance.
As explained in the introduction section, the proposed simulation framework aims at providing a fundamental ability to simulate the effects if appliance operation coordination. Of particular interest is the capability to obtain the average consumption/cost of energy both for each individual household and all households as a whole. Peak energy consumption is also a key aspect. When the simulation framework is fully utilized, intercommunication and large scale coordination among all enabled appliances in all simulated households can be achieved. Both the overall load condition on the grid and individual consumption profile are of interest in this study.
The proposed simulation framework should feature a modular structure for scalability; a library/scenario structure for extension capability; a controlled randomization system for reflecting reality; a communication system that is independent to the choice of communication technology; and a friendly software coding style for better maintainability. Fig. 1 shows the top level block view of the main components of the simulation framework and the relationships among different components. The arrows in the figure represent data flow relationship between the connected components. The "User Interface" block houses the user-controlled parameters, such as the number of households to simulate and which coordination algorithm to use for the simulation. It also houses the main program to invoke the core of the simulation. The "Consumption Profile Generator" block is the core of the simulation framework. There are two sequential parts to this block. The first part generates a base consumption profile using nonshiftable appliances only. The second part then brings shiftable appliances into the simulation and appends their consumption on top of the first part according to the coordination algorithm of choice. The "Appliance Consumption Library" block houses appliance consumption models to simulate properties such as the hourly consumption and duration of operation of each appliance. The "Random Number Generator" block simply generates random numbers using a uniform distribution to introduce randomness to reflect reality. The "Coordination Logic Library" block contains the logic behind different coordination algorithms to make decision on the operation of the appliances. It also controls the use and instantiation of the following utility blocks. The "Time of Use (TOU) Price Provider" utility block houses the TOU energy price models to provide real time electricity price according to the pricing scheme of choice. The "Communication Control Library" manages communication models that are required by the choice of coordination logic and the needs of the simulations. Lastly, the "Power Supply Library" houses the models to provide real time power availability information to the simulated system. Please refer to [19] for detailed information on each block.
B. Static Design View of the Framework
C. Simulation Prototype Program Runtime Procedure
Based on the proposed framework, we implemented a prototype simulation program. The program first selects the required models from each framework components, and then it instantiates class objects accordingly. We first implemented a traditional way to use energy, without involvement of any coordination logic. In this setup, there is no communication model and a fixed electricity rate pricing model is used. Since we do not have a meaningful power supply model, we simply assumed that a sufficient amount of energy can be generated to cover whatever amount is needed. After that, the program initiates the various simulation parameters according to the user settings. The most important instantiations are the copies of the appliance consumption library objects for each household. The generator customizes each consumption library object. For example, it will remove electric vehicles from the object if the user does not want to include those in the simulation. After the simulation initialization, the second phase is the consumption profile generation which is composed of two sequential stages: i) base consumption generation, and ii) coordinated consumption generation. The first stage generates a set of base consumption profiles for each household using only the nonshiftable appliances. The second stage then updates the consumption profiles on top of the base consumption profiles with shiftable appliance usages, according to different coordination methods. In this case, the shiftable appliances behaves similar to the non-shiftable ones because no coordination is involved. As for the outputs of a simulation run, in general, the framework keeps a copy of all the raw data generated from the simulation. The simulation is 24-hour based, starts at midnight and ends at midnight the next day. The user has control of the sample size (denoted to be M) and step size (denoted as N) of the simulation. The sample size represents the number of households to include in the simulation, and the step size measures how many evaluation points exist within the 24 hours time frame. 
IV. SIMULATION FRAMEWORK VALIDATION
All the simulations presented in this report are modeled based on the North America region. It is assumed that all simulated households are independent dwellings such as detached houses or town houses. Each household owns their private appliances and provides their own daily essentials such as hot water and space heating or cooling. Since the simulated environment is set to be the summer season, air conditioners are the active appliances instead of space heaters. For simplicity, the same type of appliance (such as a TV or fridge) consumes the same amount of energy among all households. What differs is the amount of these types of appliances owned by each household, which is generated by the randomization process.
A. Simulation Outputs
The upper subplot in Fig. 2 displays two consumption profiles. The blue line is the consumption generated from the current simulation; whereas the red line is a pre-recorded consumption average of 1000 households for reference purposes. The reference line is used in all simulations as a comparison line. It has undergone tTest several times to verify there is no significant change compared to other simulations with identical settings. Hence, the reference line is able to represent average or typical traditional consumption behavior. The blue line is subject to change according to each simulation, whereas the red line remains the same for all simulation results. The x-axis represents the time stamp of a day. For simplicity, the unit is displayed in hours, although the actual data is sampled at every minute in the simulation. The y-axis represents the power consumption measured in Watt/minute. This unit is used instead of the standard unit (kW/h) because the simulation is configured to perform calculations every minute. It can be converted to the standard unit by multiplying with (60/1000).
The lower subplot contains the TOU price profile information. There are three lines in this subplot, two of which are for reference purposes. The blue line is the actual TOU profile used/generated from the current simulation according to the selected TOU pricing scheme. In this example, the Flat Rate pricing scheme is used and the flat price is set to 8 cent/kWh, thus a straight blue line is displayed in the figure. The second TOU price profile is represented by the green line. It is an OnPeak-MidPeak-OffPeak pricing scheme that is used by hydro utilities in Ontario, Canada. The last TOU price profile is a linearly proportioned price profile with respect to the reference average consumption line (red line) shown in the upper half of the figure. The values of this red price line are calculated via Equation (1) shown below.
This profile captures the dynamic value of energy at different points of time for residential households' usages. Both the red line and the green line are for reference purposes and do not change from simulation to simulation.
Beside the plot discussed in Fig. 2 , each simulation also generates a simulation report as shown in Fig. 3 . The report summarizes some key results of the simulation and more details on each item are provided in [19] . 
B. Simulation Result Verification
Fig . 4 provides a daily consumption profile record averaged across a year in Northern Ireland [20] . Unfortunately, there is no similar North American plot that we found at the time of research. However, the general consumption behavior is similar. As shown in the figure, the general shapes of all three types of households closely resemble the simulation result shown in Fig. 2 . The biggest difference is the smoothness and gradualness of the lines. The actual recorded values shown in Fig. 4 form smooth curves with gentle ramping up and down, whereas the simulation result displays wavy curves Types [18] and sudden rises of the energy consumption around 6:00am and 5:00pm. The wavy curves are due to more frequent evaluation points throughout the day. The simulation is evaluated on a per minute basis whereas the recorded data in Fig. 4 is collected on a per hour basis. As to the sudden rise in energy consumption, it is mostly due to the chosen model of household consumption, simplifying the real life scenarios somewhat. The household consumption model can be refined to have more precise entries in the appliance consumption library to more closely resemble reality. Nonetheless, the shape of the simulated consumption profile does truly reflect the consumption reality. The times of the minimum and maximum load on the grid match exactly the measured results regardless of the dwelling type shown in Fig. 4 .
Unfortunately, the measurements given in [20] are in terms of kWh-per-square-meter (kWh/m 2 ). The house type and floor area are not included as a factor in our simulations. These factors eventually come down to the unit time consumption of an appliance and the operation duration of such an appliance, and of course the amount of appliances owned by a household. To verify the accuracy of the simulation outputs, a short survey was used with a relatively small sample size of people to provide their average daily consumption reported by their local utility company during the months from June to August 2012. The gathered results ranged from 8kWh/day to 80kWh/day on hot summer days. The large variation seen in the power consumption among different households is mostly due to the type and number of appliances each home owns. The household with the largest power consumption owns a swimming pool with a pump (and a heat pump) constantly running. This is the major contribution to the household's large power consumption. None of the other surveyed households owns a private pool, and thus neither does the simulation currently contain a model for a swimming pool in the appliance consumption library. Therefore, the 80kWh/day sample is treated as an outlier from the gathered data set. For all other households, the most frequently appearing average daily consumptions then ranged from 8kWh/day to 29kWh/day. The simulated average daily consumption (23.08kWh) falls well within this range as show in Fig. 3 , and the minimum (10.01kWh) and maximum (36.47kWh) simulated daily consumptions are also close to the survey results. Therefore, we consider the simulation results to accurately depict reality.
V. SIMULATION OBSERVATIONS
We have implemented and carried out various simulations with different coordination methods, pricing schemes, and simulation settings. For example, we examined some simple communication configuration manipulations, such as announcing the TOU price per minute vs. per hour. We found the impact of this kind of changes were minor. Interested readers may refer to [19] for more simulation results. While most of the simulation results will not be shown in this paper, the following sections illustrate some key findings that were observed.
A. Linear Pricing Scheme Effect
Fig . 5 shows an example of scheduling the air conditioner to turn off after occupants left home for work around 9:00am, and to turn back on around 4:00pm when they return home. We employed a linear pricing scheme together with this scheduling method. Recall that linear pricing is a one-to-one scalar matching between consumption and the time of use price. Under this linear pricing scheme, the calculated consumption percentage saving and monetary percentage saving are 17% and 16% respectively. This means the user achieved a 17% of saving in terms of power consumption from shutting down the air conditioner. The corresponding monetary saving from the reduction of power consumption is 16%. Surprisingly, the monetary saving ratio is actually slightly lower than the energy savings, which means a consumer achieves a little less saving off their reduction on energy consumption. This is due to the difference in the value of energy in different scenarios. After scheduling the air conditioners to turn off during the day, the value of energy drops somewhat under the linear price scheme because there is less demand for energy. In other words, the value of the energy depreciates when reducing the energy demand. In the end, the saved energy is not worth as much as before.
B. Introduction of Electric Vehicles (EV)
In another scenario, the simulation was configured such that 1 in 15 households owns an electric vehicle. Each electric vehicle is allowed to start charging between 5:00 pm to 7:00 pm with the exact time chosen at random. For simplicity, the length of the charging cycle for all electric vehicles is set to 4.5 hours. As shown in Fig. 6 , electric vehicles draw a significant amount of electricity off the power grid, shown as the gap between the two consumption curves from 5:00 pm to 3:00 am the next day. The peak consumption rises from 1940.09kWh to 2451.30kWh when compared to the reference consumption profile. The highest household consumption reaches all the way to 78.89kWh/day, where the traditional highest value is around 35kWh/day, and the highest household electricity cost reaches $6.17, compared to a cost of around $3.50 in the absence of an electric vehicle. Both the residential consumer and the power grid in general would benefit from smart grid load balancing studies to minimize the impact of the introduction of electric vehicles. 
C. Charging Operation Scheduling
Section V.A demonstrated that operation scheduling with linear pricing resulted in a lower monetary rate of return from the reduction in the usage of electricity. There is another type of scheduling that does not reduce energy usage but is still able to achieve a positive rate of return by shifting an appliance's operation time overnight. A typical example of this type of appliance is the electric vehicle. Fig. 7 demonstrates the effect of scheduling this power-hungry appliance to move its charging cycle overnight when energy demand is at its minimum. As shown in the figure, the EV charging consumption is shifted from the evening to the morning. There is no actual reduction in terms of power consumption. However, this shift has a big impact on the corresponding monetary percentage saving, which is calculated to be about 9%. This gain in monetary saving comes from the effect of multiplying consumption and electricity price to produce the cost of using electricity. The shifted consumption decreases the price of electricity during the evening but increases the price in the morning. Then the shifted amount of consumption is multiplied with the lower price to result in lower cost. 
D. Threshold Controlled Operation
Threshold-controlled appliances make their decision about whether to start operation based on the price of electricity. A threshold price is predetermined by the user or the utility company, and the appliance will only start its operation once the electricity price is lower than that threshold. It is quite obvious that this coordination method does not work well with static pricing schemes including the OnPeak-MidPeakOffPeak pricing scheme. Therefore, only dynamic pricing schemes, such as the linear pricing scheme, are of interest with threshold-controlled operations. Fig. 8 illustrates the effect of setting thresholds on electric vehicles, dishwashers and washing machines to only start their operation when the electricity price is lower than 9 cent/kWh. As shown in the corresponding simulation report (not included here), similar to the case of operation scheduling, the threshold-controlled appliances are able to achieve higher monetary saving by shifting the consumption to periods of low energy cost. Also, the thresholdcontrolled appliances are able to achieve lower peak consumption and better balanced usage of electricity. The main difference from the appliance operation scheduling method versus the threshold controlled coordination method is that the latter is a more controllable and scalable solution. When more appliances are threshold-controlled, the householders do not need to study the consumption patterns to program individual appliance's operation. The time of use price or the demand and supply relationship on the grid is able to govern the appliances' operations automatically.
VI. CONCLUSIONS
In this paper, we proposed a new flexible residential smart grid simulation framework. After implementing and validating the prototype, we performed various simulation experiments with different appliance coordination methods, pricing schemes, and different simulation settings. We provided detailed analysis based on the simulation results. We demonstrated our reasoning on why a dynamic pricing scheme, coupled with a threshold controlled coordination system, works better and is able to realize the true value of the smart grid infrastructure. We believe our proposed simulation framework is capable to benefit smart grid developments. It is flexible to be expanded with more and/or better models. It provides a common base for comparing algorithms, products, and project plans. It can be used by various organizations to fulfill their needs. We also provided a case study in [19] to demonstration how to use the implemented simulation framework iteratively to locate an optimal TOU price setting to achieve best load balancing on the grid without sacrificing consumer comfort. This could be interesting for utility companies for pricing purpose.
As for the future work of this simulation framework, there are a number of major directions for the project continuation. The first direction should aim at enhancing the simulation framework. In particular, work can be done to expand the simulation framework to include both models of the energy supply as well as the none-residential energy demand. Also, different appliance coordination algorithms can be implemented with the proposed simulation framework for verification and comparison purposes. The framework can be used for renewable energy integration studies, public lecture and demonstrations on smart grid technology, security analysis and risk management, and many more.
